Discovering genetic biomarkers associated with disease resistance and enhanced immunity is critical to developing advanced strategies for controlling viral and bacterial infections in different species. Macrophages, important cells of innate immunity, are directly involved in cellular interactions with pathogens, the release of cytokines activating other immune cells and antigen presentation to cells of the adaptive immune response. IFNγ is a potent activator of macrophages and increased production has been associated with disease resistance in several species. This study characterizes the molecular basis for dramatically different nitric oxide production and immune function between the B2 and the B19 haplotype chicken macrophages.A large-scale RNA sequencing approach was employed to sequence the RNA of purified macrophages from each haplotype group (B2 vs. B19) during differentiation and after stimulation. Our results demonstrate that a large number of genes exhibit divergent expression between B2 and B19 haplotype cells both prior and after stimulation. These differences in gene expression appear to be regulated by complex epigenetic mechanisms that need further investigation.
Introduction
Discovering genetic biomarkers associated with disease resistance and enhanced immunity is critical to developing advanced strategies for controlling viral and bacterial infections in various species.
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Disease resistance and susceptibility depends on a variety of factors including genetics. In numerous species, disease resistance has been associated with major histocompatibility complex (MHC) haplotype, as well as polymorphisms in several immune genes such as TGFβ and TNFα [1, 2] . Cytokine production, specifically secretion of pro-inflammatory molecules, has also been associated with increased resistance against disease [3, 4] .
Studies have demonstrated association of MHC-B haplotype in chickens and resistance to a variety of viral pathogens, including AIV, Marek's disease virus (MDV), avian leukosis virus, Newcastle disease virus and Rous sarcoma virus [5] [6] [7] [8] [9] [10] as well as other pathogens [11, 12] . B2 haplotype chickens are more resistant to avian coronavirus infection than B19 haplotypes and these differences in disease resistance were observed early after infection in our previous studies [10] . This suggests that innate immunity plays a major role with the macrophage being a key player in this enhanced immune response as evidenced by the B2 haplotype birds' greater capability to produce nitric oxide (NO) in response to IFNγ and Poly I:C [13] . In addition, B2 macrophages activated T cells more efficiently than macrophages derived from B19 haplotypes [14] .
Macrophages are directly involved in cellular interactions with pathogens and demonstrate distinct immune responses from more disease resistant animals in response to infection [15] [16] [17] [18] [19] [20] . In addition, macrophages release cytokines activating other immune cells and antigen presentation to cells of the adaptive immune response [21] [22] [23] . It has become increasingly clear that dysregulation of macrophage function is involved in inflammatory disease processes such as rheumatoid arthritis, inflammatory bowel disease and cancer [24] [25] [26] . Involved in these interactions are crucial molecules such as Toll-like receptors (TLRs) that recognize invading microorganisms, resulting in communication with the adaptive immune system such as increased expression of MHC surface molecules, T cell receptors and secreted cytokines [21, 23] . Genetic differences in any of those molecules can potentially account for differences in immune competence and thus provide potential immunogenetic markers for disease resistance to various pathogens.
IFNγ is a potent activator of macrophages and increased production has been associated with disease resistance in multiple species [27] [28] [29] [30] [31] . These findings indicate that chickens with enhanced IFNγ production are more resistant to certain infections. IFNγ enhances macrophage activation, expression of MHC and nitric oxide release which aides in killing of pathogens and also increases activity of cytotoxic T cells and secretion of Th1 cytokines [31, 13] , underscoring how crucial this process is for innate immune competence.
Macrophage TLRs appear to be primed by IFNγ, reprogramming cellular responses to other cytokines, such as type I interferons and IL-10 and activating the Jak-STAT pathway (Janus kinase and signal transduction and activator of transcription) [24, 32, 33] . IFNγ, which increases TLR receptor availability for interaction with its ligands, has been shown to induce TLR2, 4, 6 and 9 [34] [35] [36] [37] .
The response of macrophages to an immune stimulus is not just dependent on cell surface receptor and cytokine expression. Other factors include the differentiation of monocytes into functional macrophages, a tightly regulated process that influences immune competence [38] . Recent studies demonstrated a critical role for molecules such as A2B adenosine receptor for differentiation and proliferation of monocytes and macrophage function in immunity and inflammation [39, 40] . A2B expression is induced by IFNγ and leads to increase of anti-inflammatory signaling counteracting the inflammatory response activated within the IFNγ pathway.
Taken together, these studies emphasize the genetic basis of the activation of macrophages by IFNγ playing an important role in the innate immune response signaling and providing resistance to disease. In addition to inflammatory signaling, a number of transcription factor pathways and epigenetic mechanisms all contribute to immune function. Dysregulation of any of these events will lead to an impaired innate immune response and consequently, increased susceptibility to disease.
Using an ex vivo model, we investigated the gene expression in macrophages from haplotypes B2 and B19 during differentiation and after stimulation with IFNγ. Our experimental design leveraged an initial 6 day window for monocytes to differentiate into macrophages, which was followed by IFNγ stimulation between 1 and 24 h to further characterize subsequent RNA gene expression and the molecular basis for dramatically different nitric oxide production and immune function between the B2 and the B19 haplotype chicken macrophages
Material and methods

Experimental animals
Animal protocols were performed under the approval of the Institutional Animal Care and Use Committee at Western University of Health Sciences, Pomona, California (WesternU). Fertilized eggs, descended from Modified Wisconsin Line 3, were obtained from Dr. W. Elwood Briles, Northern Illinois University, and incubated and hatched under standard conditions at (38˚C/50-65% humidity) [10, 13] at WesternU. In addition to daily health monitoring, fresh food and water were provided ad libitum. Experimental animals were euthanized by insufflation of isoflurane gas (Butler, Dublin, OH).
Peripheral blood collection
Whole blood samples were collected via jugular venipuncture in EDTA tubes from age matched chicks at 14-18 weeks old. At no time did the amount of blood harvested from each animal exceed 1% of body weight.
Peripheral blood mononuclear cell (PBMC) isolation
Peripheral blood mononuclear cells (PBMCs) from individual birds were isolated using the differential centrifugation as previously described [41, 42, 13] with slight modifications. Briefly, blood was mixed with an equal volume of phosphate buffered saline (PBS) and slowly layered 2:1 on a Ficoll-Hypaque gradient (density 1.083) (Sigma-Aldrich, St. Louis, MO). Samples were centrifuged for 35 min (400 x g; 23˚C; brake off) for retrieval of mononuclear cells. Isolated cells were washed 3x in 10 ml PBS at low speed to remove thrombocytes (180 x g; 10 min, 23˚C), counted and viability confirmed based on the exclusion of 0.1% trypan blue dye (! 90%). PBMCs were re-suspended in PBS to a final concentration of 5 x 10 7 cells/ml.
Macrophage cell culture
One milliliter of PBMC suspension (5 x 10 7 cells/ml) was incubated (37˚C/5% CO 2 ) for 3 h in each well of a 12-well plate containing RPMI w/o Phenol Red supplemented with, 10% heat inactivated fetal bovine serum (FBS); non-essential amino acids, (0.1mM/ml) (Invitrogen, Carlsbad, CA), L-glutamine (2 mM) (Sigma-Aldrich, St. Louis, MO), 2-mercaptoethanol (55 μM/ml) (Sigma-Aldrich, St. Louis, MO), penicillin (50 U/ml) (Invitrogen, Carlsbad, CA), and streptomycin (50 μg/ml) (Invitrogen, Carlsbad, CA). Following removal of non-adherent cells with warm PBS, medium was replenished and cells were incubated for differentiation with the exception of the -6 day sample which was lysed with 400 μl Trizol (Thermo Scientific, Waltham, MA) and stored at -80˚C. Prior to the replacement of medium, adherent cell cultures were washed in warm PBS. Monocytes were cultured for 6 days to allow maturation and differentiation of cells; with medium changes occurring every 3-4 days thus ensuring that optimal nutrient requirements were met. Additionally, -3 day (t-3) samples were lysed with Trizol and stored at -80˚C. The morphology of adherent cells was observed daily under bright field microscopy (20x objective). Purity of monocyte cultures using this culture method was confirmed by IFA and FACS using monoclonal antibody KUL01 as previously described as part of a different aspect of this study [13] .
IFNγ stimulation
A 50 ρg/ml ch-IFNγ solution (Invitrogen, Carlsbad, CA) was prepared in RPMI w/o Phenol Red culture medium (Invitrogen, Carlsbad, CA). After washing the cells twice with warm PBS, macrophage cultures were stimulated with 1 ml of RPMI-ch-IFNγ mixture [13] .
Nitric oxide assays
Nitric oxide production was measured [10, 43, 44] to confirm macrophage stimulation in assays by interferon (data not shown). Stimulation was evaluated as yes/no based on previously published results from B2 and B19 IFNγ stimulated macrophages (10) Sample collection and RNA sequencing A total of 145 gigabytes of RNA sequence data was obtained from B19 and B2 haplotypes of chickens. Two birds from each haplotype were selected for inclusion in the sequencing. Each bird provided blood for extraction and isolation of peripheral blood mononuclear cells. Purified monocytes were cultured for differentiation and cell samples were collected from nine time points for each bird. Samples were collected for sequencing on the day they were cultured (Day t-6), as well as on Day -3 (t-3), Day 0 (called 0 hours), and then six additional times over a 24 hour period corresponding to 1 hour, 2 hours, 4 hours, 8 hours, 16 hours and 24 hours after interferon stimulation. Cells were lysed in wells with RLT buffer containing beta-mercaptoethanol (Qiagen, Valencia, CA) and stored at -80˚C. RNA was processed with the Qiashredder and RNAeasy kit from Qiagen (Valencia, CA) according to manufacturer's instructions and sent on dry ice to Dr. Calvin Keeler at the University of Delaware for generation of libraries and sequencing with an Illumina HiSeq 2000.
An RNA sequence library was constructed from purified RNA. The library was fragmented in order to generate appropriately sized RNA fragments suitable for templates in random primed first-strand cDNA synthesis. Second strand synthesis was completed in accordance with specifications for sequencing with Illumina's HiSeq2000 platform.
The samples corresponding to each time point from each bird were sequenced and the data was stored in a unique file for each sequenced sample and time point. Forty FASQ files were generated from the data totaling 145 gigabytes. The average file size was 3.65 gigabytes and the standard deviation was 2.25 gigabytes. The sequencing data provided 933,107,885 reads across the biological samples and time points (Table 1) . Across all time points for the two B2 samples, one produced 298,903,517 reads and the other produced 165,589,594 reads. Similarly, across all time points, the B19 samples produced 285,392,384 reads and 183,222,390. For each time point (across all four birds) sequencing reads ranged from a low of approximately 78 million reads to a high of just over 171 million reads, with most time points producing over 88.4 million reads each and a few producing over 100 million reads each.
Mapping reads to reference genome and identification of splice junctions / exons
The chicken reference genome WASHUC2, corresponding to Ensembl release 70, was downloaded from Ensembl.org (http://www.ensembl.org/info/data/ftp/index.html). Annotation files included the small RNA annotation files obtained from miBase release 19 (http://www. mirbase.org/). Sequenced reads were filtered to remove low quality sequences from the data. Filtered sequences were aligned to the reference genome using Bowtie and Tophat, available along with the software package Cufflinks, from John Hopkins University Center for Computational Biology (https://ccb.jhu.edu/software.shtml). The aligned reads generated by Bowtie produced gapped alignments on the reference genome which Tophat used to identify splice junctions flanking exons. The resulting aligned reads were analyzed by Cufflinks to construct transcripts corresponding to mRNA sequences. Next, Cufflinks was employed to estimate transcript specific expression levels across the transcripts and genes within the reference genome based on the number of sequence reads for each mRNA. The sequence read data was normalized using the fragments per kilobase of transcript per million mapped reads (FPKM) method to more accurately determine expression levels. The resulting transcriptome data was loaded into the MySQL relational database to more effectively manage, explore, mine and annotate the data.
Hierarchical clustering of genes and production of heat map visualization
Gene expression data was hierarchically clustered using 1-Pearson correlation on the rows and keeping the column order conserved. The resulting clustered data set was visualized as a heat map with black representing lack of gene expression, and darker shades of blue indicating lower expression values. Dark purple represents higher expression values than any shade of blue while bright pink represents the highest expression values. For visualization purposes, the heat maps were generated with maximum heat map color assigned to expression set lower than the absolute maximum expression value contained in the entire data set, subsequently all values of expression greater than or equal to the assigned expression threshold (for example, 1000) shared the same color on the heat map (regardless of whether the actual expression level was 1000, 2000, 20,000 or 90,000). This setting provided the optimal visualization of both high and low expressed genes in the heat maps. Gene enrichment calculations were performed using the DAVID bioinformatics database tool version 6.8 (https://david.ncifcrf.gov/). The analysis was performed using comparisons of successive time points within the B2 haplotype data to identify sets of genes that were enriched (p-value < 0.05). The B2 haplotype represents the robust macrophage phenotype as characterized by nitric oxide production compared to the B19 haplotype. Subsequently, the gene enrichment was performed on the B2 data. Gene enrichment was determined using three distinct databases: gene ontology biological process, KEGG pathways, and reactome pathways corresponding to S2, S3 and S4 Tables respectively. Because a large number of enrichment annotation terms were produced, a subset of representative highlights from each of these three enrichment analyses was chosen for inclusion in the results. Highlights were selected to provide examples of the biological process annotations, KEGG pathways annotations and reactome annotations.
PCR validation of target genes
Realtime PCR was performed on a selected number of target genes to validate RNA sequencing results. RNA was taken from macrophages stimulated with IFNγ as described above for 2 and 4 hours, unstimulated samples (0h) served as control. For Realtime RT-PCR, cDNA synthesis was performed using SuperScript III First Strand Synthesis kit (Invitrogen, Waltham, MA), according to manufacturer's instructions. PCR conditions were as follows: 95˚C for 10 minhot start, 40 cycles of 95˚C for 15 sec, 60 or 63˚C depending on gene (see primers) for 30 sec according to manufacturer instructions for the Biotool 2x Sybr Green qPCR Mix (Biotool, Houston, Tx). Primer sequences were designed using Primer 3 (ATP6VOC, LITAF, IL18R, TLN-1.) Primer sequences previously published were used for TLR2, TLR4, TLR5, TLR6 and TLR7 [45] . ATP6VOC (annealing 60˚C) forward TGTTGTCATGGCGGGTATTA, reverse ACAAATAACCTGGGCTGCTG; LITAF(annealing 60˚C) forward ATCCTCACCCCTACCCTGTC, reverse GACGTGTCACGATCATCTGG; IL18R (annealing 63˚C) forward CTCTTCGTGCCTCCA TTGAT, reverse ACCAAGTTCAACTGGCCAAA; TLN-1(annealing 60˚C) forward TCAAGCAGA AGTTGCACACC, reverse GGGAGCCATTAAGGATGTCA. PCR analysis was done using the ΔΔ method with 18s serving as housekeeping gene control. Statistics were done using graphpad software (PRISM version 7), paired t-test, two-tailed.
Comparison of IFNγ stimulated vs. cytomegalovirus stimulated macrophage gene expression
A total of 179 gene expression measurements were extracted from a published paper describing the fold change in expression levels of genes induced after 4 h exposure to cytomegalovirus [46] . The data was converted to a tab-delimited text file containing the official gene symbol and the reported expression level. The file was loaded into a MySQL relational database and joined to the expression data produced from the B2 and B19 cells. The data was joined on the gene symbol and a set of 54 genes were identified. The fold change for the B2 and B19 expression data was calculated by taking the log-2 (4 h expression / 0 h expression). B2 and B19 genes having expression = 0 for the initial time point were converted to 0.1 to prevent division by zero. Additionally, the fold-change reported for IL6, 280.8, was changed to 35, in order to preserve the scale of the graphs and legibility of the resulting data represented in the histograms. The fold-change in expression for the B-haplotype birds and the published data was plotted using Microsoft Excel.
Results
Differential gene expression patterns
A set of 13,618 unique genes from among all mapped sequencing reads was generated from the 4 birds across all 9 time points. Next, we analyzed the expression data to determine the number of genes expressed in each haplotype within each time point. Within the minus 6-day (t-6) time point, representing the time point after plating and adherence of monocytes and the start of differentiation into mature macrophages, 11,785 genes were expressed in the B2 birds while 12,089 were observed in the B19 birds, with 11,216 genes expressed in both. Interestingly, 4770 genes were off in both B19 and B2 haplotypes while just 569 genes exhibited expression in only the B2 chickens and 873 genes were expressed only in the B19 birds.
Similar relationships were detected in each of the remaining eight time points. The t-3 day time point, representing 3 days of differentiation in cell culture, exhibited the greatest expression of genes with a total of 11,429 expressed in both B19 and B2 birds while just 4068 genes lacked evidence of expression in both haplotypes. Also, during the t-3 day time point the greatest number of genes (1118) exhibit evidence of expression in the B2 birds while lacking evidence of expression in the B19 birds. At the t0 time point, after 6 days of differentiation and immediately before stimulation with interferon, 10,975 genes were expressed in both haplotypes while 4547 genes were not expressed in macrophages of either haplotype. Likewise, the 1 h and 2 h time points exhibited 11,349 genes and 10,789, on in both haplotypes, respectively. It is worth noting that the time point with the most genes off in both haplotypes is 16 h with 5238 genes.
Overall the data indicates that approximately 10,000 to 11,000 genes are on in both haplotypes at each time point while roughly 4000 to 5300 genes are off in both haplotypes at each time point. The number of genes on in one haplotype, while off in the other haplotype, ranges from about 400 to 1140 depending upon the haplotype and time point (Fig 1) Differences in numbers of genes expressed in B19 versus B2 haplotype birds
In order to better understand the cell biology underlying differences in macrophage differentiation and activation between B19 and B2 birds, we searched for genes exhibiting statistically significant differences between different time points within a single B-haplotype haplotype as well within the same time point between haplotypes.
When comparing the expression profiles between the B2 and B19 haplotypes, we identified 210 genes exhibiting differential expression at the t-6 day time point. These genes represent 198 genes with higher expression in the B2 birds and just 12 genes for which expression was greater in the B19. After three days, at the t-3 day time point, thousands of genes exhibited altered expression patterns between the two groups. Surprisingly, 7000 genes showed higher expression in the B19 birds while only 14 genes were expressed at higher levels in the B2 birds.
By t0 hrs, which corresponds to 6 days of monocyte differentiation into macrophages, we observed 955 genes with significant expression patterns between the haplotypes. Of these genes, 544 exhibited greater expression in the B2 haplotype while 411 exhibited higher expression in the B19 haplotype.
Cells were stimulated with IFNγ immediately following RNA collection at the t0 hr time point. At 1 h (t1) post-stimulation 665 genes show evidence of significant patterns of expression between the haplotypes where B19 birds had 109 genes expressed to higher levels while the B19 haplotype was associated with 556 genes having greater expression compared to t0. This pattern of increased expression in the B19 group is reversed by the 2 h time point.
At 2 h after IFNγ treatment, the B2 cells show a global increase in expression for 5989 genes while the B19 cells have just 18 genes on at higher levels than the B2 birds. By 4 hours after stimulation, the B2 birds still exhibit greater expression for 1029 genes while the B19 birds exhibit higher expression for 12 genes. This trend changes by 8 hours after treatment, at which time the slower responding B19 group begin showing increased expression in 797 genes while the B2 cells have greater expression for just 15 genes. By 16 hours after stimulation, only 66 genes are differentially expressed between the two haplotype groups. And, at the 24 hour mark, 406 genes show evidence of statistically significant differences in expression between them with the B2 cells exhibiting greater expression for 339 genes while the B19 cells have higher expression for 67 genes ( Table 2) .
Different temporal gene expression in B19 versus B2 haplotype birds
The B2 and B19 haplotype birds represent distinct genetic variation within the B-locus on chromosome 16. Subsequently, patterns of gene expression variation of the genes located within this region were investigated. Among the seventeen genes exhibiting statistically significant differences in expression between the B2 and B19 birds, many displayed divergent gene expression patterns prior to IFNγ stimulation. In the B2 cells, gene expression peaks on day t-6 and expression is effectively inhibited by day t-3. This is not the case in the B19 cells. Rather than reach maximum expression levels in a single day, the B19 cells don't achieve maximum expression until day t-3 ( Fig 2) .
For example TRIM7, TRIM27.1, BF2, TPN, and TRIM41 exhibit strong expression on day t-6 in the B2 cells while the same genes exhibited prolonged expression over day t-6 and day t-3 in the B19 cells. Members of the TRIM (tripartite motif) family have been implicated in antiviral immune defense and several are ubiquitin ligases [47, 48] . TPN (Tapasin) is a co-factor for MHC I critical for antigen presentation to cytotoxic T-cells and chickens express the single MHCI locus termed BF-2 which is working with TPN in antigen presentation and it has been shown that there are differences in the selection of high affinity peptides in B19 vs B15 haplotypes [49] highlighting their critical role in immune competence. Additional genes within the B-locus display a similar pattern of pre-stimulatory differences in gene expression between the two different haplotypes, including genes involved in differentiation, cell growth and apoptosis such as PTPN2 (tyrosine protein phosphatase non-receptor2) and NFKB. Gene expression decreases to approximately baseline levels by time point t0 hours. A second distinction in the gene expression patterns between B19 and B2 cells is that B2 cells exhibited a fairly robust expression at 2 and 4 hours after interferon stimulation. Unlike the B2 haplotype, the B19 haplotype appears incapable of generating such a rapid, robust and coherent gene expression profile. In contrast, the B19 cells generate a delayed, weak and uncoordinated lower level of expression that extends up to 8 hours, and in some cases even 16 Distinct temporal gene expression patterns in B2 versus B19 monocytes/macrophages. B-locus haplotypes in chickens provide a mechanism for genetically perturbing the cluster of immunologically important genes on chromosome 16 and producing phenotypic variation affecting infectious disease susceptibility and resistance. The heat map allows visualization of gene expression between the two genetically distinct haplotypes. Each row represents a gene within the B-locus (listed on the right) and each column corresponds to a particular time point when cells were collected for RNA sequencing. Black pixels indicate zero gene expression for a particular gene at a specific point in time, and dark blue corresponds to very low expression, while brighter blue indicates the next higher levels. Dark purple represents higher expression levels than blue colors, and pink represents the highest levels of gene expression. Monocytes were obtained from each haplotype of chicken and allowed to differentiate into macrophages in vitro for seven, days beginning on day minus 6 (t-6). RNA was sampled on day t-6, day t-3, and again three days later which is denoted as 0 hours (t0), when IFNγ was initially added to the cultures. On t0, RNA was sampled immediately before stimulation with IFNγ. Subsequent time points correspond to the time following interferon stimulation, in hours (1 hour, 2 hours, 4 hours, 8 hours, 16 hours and 24 hours). As visible on the heat map, there are distinct differences in gene expression between the B2 and B19 cells. The most dramatic difference occurs on day t-6. B2 cells exhibit a rapid burst of gene expression, indicated as a single column of pink on the left most edge of the heat map. In contrast, the B19 cells appear to undergo a much slower and prolonged gene expression program that was not as rapidly down regulated as in genes in the B2 cells. Additional gene expression data for a number of proteins involved in cell growth and apoptosis, is shown in the bottom half of the figure to highlight a similar pattern in gene expression and kinetics. The green border indicates the B2 haplotype expression pattern and the red border corresponds to the B19 expression pattern.
https://doi.org/10.1371/journal.pone.0179391.g002
hours. Overall, this global pattern of temporally dysregulated gene expression represents a reoccurring theme with the B19 monocytes and macrophages.
The divergent timing of gene expression observed in the B-locus genes is mirrored in many other genes as well, including members of the TLR signaling pathway, cellular mediators of apoptosis and cell survival, and components of cytokine signaling.
B2 and B19 display different patterns of gene expression during differentiation
The global dysregulation of gene expression among 700 genes at the t-3 day time point, as well as the expression pattern of 6000 genes exhibiting altered expression led us to explore the pattern of gene expression changes within each haplotype group over all of the time points. At the onset of the study, the B2 cells were actively expressing a diverse set of genes, however by the day t-3, most of those genes displayed reduced expression in the B2 group. Even so, the B19 haplotype cells continue to express these 7000 genes at higher levels than the B2 birds. After stimulation, B2 macrophages again show different patterns of expression compared to B19 cells in regards to timing of peak expression and coherence of expression. Four distinct patterns of divergent gene expression were identified between the B2 haplotype birds and the B19 haplotype birds (Fig 3) .
The first interesting divergent pattern shows strong gene expression on day t-6 in the B2 birds while relatively low levels of expression are observed in the B19 birds on the same day. This pattern is of interest because it represents a group of genes that are differentially regulated at the onset of the experimental time course. Specifically, these genes include the macrophage M1 marker PTGS2, as well as the B-locus gene cyp21. Other genes exhibiting this pattern include secreted interleukin ligands IL-1β, IL4I1, and IL6, along with genes associated with inhibition of cellular processes including IRG1 and MIP-3α. Interestingly, the adenosine receptor also displays this pattern of expression. These genes may represent initial modulators of divergent monocyte to macrophage differentiation between the B2 and B19 cells.
The second example of divergent expression patterns is the single peak of day t-6 expression in the B2 haplotype cells compared to the prolonged multiple day expression in the B19 haplotype cells. Some of these genes are macrophage differentiation mediators, like GATA2 [50] , and FADD, while others are macrophage podosome (primary matrix structure) markers, including VCL and GSN. Other genes exhibiting this divergent expression pattern include chemokine receptors, like CxCR4, fatty acid transport, such as SLC25A17, and ubiquitin related factors, like DD5, which is associated with proteasomal degradation of gene products.
Additional interesting divergent gene expression patterns were observed between the two haplotypes occurring after stimulation by IFNγ (Fig 3) . A notable difference in post-stimulatory induction of gene expression is a four-hour difference in peak expression timing for a large number of induced genes. In the B2 haplotype macrophages, the peak expression occurs between 2 and 4 hours, while in the B19 macrophages, the peak expression occurs between 4 and 8 hours. Some of the most noticeable genes exhibiting this divergent gene expression pattern include LITAF, IL-1β, IL12, and IFIH1, genes involved in macrophage signaling and M1 macrophage polarization [26] . Additionally, a number of genes implicated in invadosome assembly and function also exhibit this temporally displaced pattern of induction such as CD44, RAC1, and SRC.
Another discernable difference in post-stimulatory induction of genes between the B2 macrophages compared to the B19 macrophages is one of coherence (Fig 3) . Specifically, there are a number of genes for which the B2 macrophages are able to rapidly turn on and reach relatively high levels of expression within 2 to 4 hours of IFNγ stimulation. In contrast, these same genes fail to exhibit a coherent peak of expression, even after 4 to 8 hours, in the B19 cells. Instead, they exhibit a dispersed "smear" of gene expression extending from approximately 1 hour after stimulation to 16 hours post-stimulation. Some of the most represented genes exhibiting this divergent pattern of expression include molecules involved in lysosome function and phagocytosis. CTTN and ACTR3, genes implicated in FcR mediated phagocytosis, Four distinct patterns were identified as representative of the types of divergent gene expression that re-occur across many genes involved in macrophage differentiation, activation and function in B2 versus B19 macrophages. 1. Day t-6: B2 high vs B19 low. This divergent pattern exhibits strong expression of genes on day -6 in the B2 birds while relatively low levels of expression are observed in the B19 birds at the same time point. Genes of interest include an adenosine receptor (P2RY12) 2. Day t-6: B2 = 1 day vs. B19 = 3 days. This example of divergent patterns is the single peak of day t-6 gene expression in the B2 haplotype cells compared to the prolonged multiple day expression until day t-3 in the B19 haplotype cells. Genes of interest include macrophage differentiation gene GATA, adenosine receptor A2A and macrophage podosome markers VCL and GSN. 3. Maximum IFNγ Stimulation of B2 at 2-4 h versus 4-8 h in B19 macrophages. Another interesting divergent gene expression pattern observed between the two haplotypes occurs after stimulation by IFNγ. There is a four-hour difference in peak expression timing for a large number of induced genes. In the B2 haplotype macrophages, the peak expression occurs between 2 and 4 hours, while in the B19 macrophages, the peak expression occurs between 4 and 8 hours. 4. Maximum IFNγ Stimulation: B2 = Coherent vs. B19 = Non-Coherent Another discernable difference in post-stimulatory induction of genes between the B2 macrophages compared to the B19 macrophages is one of coherence. Specifically, there are a number of genes for which the B2 macrophages are able to rapidly turn on and reach relatively high levels of expression within 2 to 4 hours of IFNγ stimulation. In contrast, these same genes fail to exhibit a coherent peak of expression, even after 4 to 8 hours, in the B19 cells. Instead, they exhibit a dispersed "smear" of gene expression extending from approximately 1 hour after stimulation to 16 hours post-stimulation.
https://doi.org/10.1371/journal.pone.0179391.g003 along with lysosomal-associated molecules, like LAPTM5 and LAMP1, as well as the lysosomal transporter molecules ATP6AP1, ATP6V1G1 and ATP6V0C, exhibit this non-coherent pattern of expression in the B19 macrophages.
In contrast, immediately following stimulation, the B2 cells rapidly induce expression of roughly 6000 genes by the 2 h following stimulation; while, at the same time, the cells derived from the B19 birds show no signs of induction among these genes until after 4 h. It is interesting to note that while the B2 birds show a statistically significant increase in expression for 6100 genes between 1 h and 2 h, the B19 cells exhibit increased expression for just 66 genes at this time point. The largest wave of increased gene expression occurs in the B19 cells during the transition from 2 h to 4 h post stimulation, when 1164 genes increase significantly over this time period.
At the transition between 8 h and 16 h, the B2 haplotype group only exhibits differences in expression for 83 genes, with 44 having higher expression at the 16 h time point. Yet, the B19 cells show differences in 386 genes during this same period, but interestingly, 356 of these genes exhibit decreased expression during this same time interval. Taken together, these results suggest that a global disruption of temporal gene expression underlies the observed differences in differentiation, activation and nitric oxide production from macrophages derived from the two different MHC haplotypes.
RT-PCR of B2 and B19 haplotype cells following IFNγ stimulation
Gene expression was measured in separate samples of B2 and B19 cells following stimulation with IFNγ. Change in expression was assessed at 2 hours and 4 hours post stimulation. ATP6V0C exhibited the greatest induction of all genes assayed, showing an increased expression in the B2 cells at 4 hours that was 20 times the initial expression at 0-hours. Expression of ATP6VOC was dramatically less in the B19 birds. Similarly, IL18R exhibited greater than 9 times the initial expression in the B2 cells at 4 hours compared to the B19 cells which exhibited less than 2 times the initial expression at 0-hours. LITAF and TLR2 exhibited more than 7 times the expression at 4 hours in the B2 macrophages, while TLN-1, TLR-5, TLR-6 and TLR-7 exhibited greater than 4 times the initial expression in the B2 macrophages. In contrast, the B19 macrophages failed to exhibit comparable induction of these genes (Fig 4) .
IFNγ stimulated vs. cytomegalovirus stimulated macrophage gene expression
In addition to the RT-PCR validation of gene expression, 54 genes, for which gene expression changes were described following cytomegalovirus stimulation were used as comparisons for the corresponding genes in the B2 and b19 haplotype birds (Fig 5) . A total of 25 published genes exhibited decreases in expression following cytomegalovirus stimulation while 29 genes exhibited increased expression following stimulation. Interestingly, all but one gene (FEZ1) in the B2 cells exhibited increased expression following IFNγ stimulation. In contrast, ten genes displayed decreased expression in the B19 cells. Of the ten exhibiting fold-change < 0 in the B19 cells, 70% also exhibited decreased expression in the cytomegalovirus stimulated cells. In total, 28 genes (52%) expressed in the B2 cells matched the direction of the fold change reported in the published data while 33 genes (61%) corresponded between the B19 cells and the published data. Of the ten published genes reported as having greater than 5-fold increased expression, 90% of the B2 genes exhibited fold-change in the same direction. Overall, this data, in conjunction with the RT-PCR data, provides a comprehensive set of validation data providing evidence that the B2 and B19 gene expression data is reproducible and similar to expression patterns observed in cells stimulated towards macrophage activation pathway.
Divergent non-coding RNA expression in B2 and B19 macrophages
Visualization of gene expression via heat maps facilitated the identification of distinct expression patterns between the B2 and B19 haplotypes. Because any initial differences in gene expression existing 6 days before IFNγ stimulation represent candidates responsible for the observed phenotypic differences between the two haplotypes. Genes exhibiting divergent gene expression patterns between B2 and B19 birds on day -6 were identified (Fig 6) . The genes cluster into four major clades (clade1, clade2, clade3, and clade4 with a singleton labelled clade 5). Among these genes, represented in clade1 and clade2, are a number of miRNAs exhibiting strong expression in B2 cells (mir-147, mir-146b, mir-1618, mir-200a, mir-1649, and mir1648a) compared to the B19 samples. Likewise, miRNAs contained in clade3 and clade4 exhibit greater expression in B19 cells (mir-1627, mir-222b, mir-1633, and mir-19a).
A number of small nucleolar RNAs (snoRNAs) exhibit similarly dichotomous gene expression patterns (clade4). For example, SNORd24, snoZ40, SNORD74, SNORA17, and SNORD12 exhibit substantially higher levels of expression in B19 cells on day -6 compared to B2 cells (Fig 6) . However, B2 cells also express snoRNAs exhibiting divergent expression patterns between the two haplotypes, such as snoU2_19 (clade2).
In addition to non-coding RNAs, divergent expression patterns are also observed with protein-coding RNAs (Fig 6) . For example, clade1 contains IL6, IL18, IL-1β, CCL1, PTPN2 and MMP10, which exhibit higher initial expression on day -6 in the B2 birds. In contrast, the protein-coding genes LAMP2, UBXN7, UBE4B, PK3CA, UBE2W, and CX3CR1, in clade3, exhibit higher initial expression patterns in B19 birds. Clade5 contains the single gene IFNγ, which exhibits relatively low expression early in both B2 and B19 cells, but following stimulation rises to a higher level at 8 hours in the B19 birds. IFNγ stimulated vs. cytomegalovirus stimulated macrophage gene expression. 54 genes, for which gene expression changes were previously described following cytomegalovirus stimulation were used as comparisons for the corresponding genes in the B2 and B19 haplotype birds. A total of 25 published genes exhibited decreases in expression following cytomegalovirus stimulation while 29 genes exhibited increased expression following stimulation. All but one gene (FEZ1) in the B2 cells exhibited increased expression following IFNγ stimulation. In contrast, ten genes displayed decreased expression in the B19 cells. Of the ten exhibiting fold-change < 0 in the B19 cells, seven exhibited decreased expression in the cytomegalovirus stimulated cells. Twenty-eight genes (52%) expressed in the B2 cells matched the direction of the fold change reported in the published data while 33 genes (61%) corresponded between the B19 cells and the published data. Of the ten published genes reported as having greater than at least 5-fold increased expression, 90% of the B2 genes exhibited fold-change in the same direction.
https://doi.org/10.1371/journal.pone.0179391.g005
Considering the diverse expression patterns discovered and the results indicating the involvement of non-coding RNAs, further results including divergent non-coding RNA expression will be described in more detail in further publications.
Gene enrichment analysis
Enrichment analysis of genes exhibiting statistically significant differences in expression between time points and/or haplotypes (Table 3 , S2, S3 and S4 Tables) was performed using gene ontology and both KEGG and reactome pathways. The results of the gene enrichment provided a high-resolution perspective of the functional role of mRNA sequenced within the B2 cells across the experimental time points. Between the -6 day and -3 day time points, a large number of genes exhibit reduced expression. These genes are enriched for biological processes such as transcription, mRNA splicing, Enrichment analysis was performed with gene expression data associated with the B2 haplotype. Enrichment was calculated for genes exhibiting statistically significant differences in expression across the successive time points (S1 Table) . The transition from day -3 to t0 (just prior to IFNγ stimulation) correlates with down regulation of genes associated with chromosome segregation, mitotic nuclear division and DNA repair, cell cycle pathways, acetylation and some immunological functions of interleukin 3 and 5 signaling and interleukin receptor signaling. Genes exhibiting increases in expression during this interval were enriched in processes and pathways related to interleukin 4, biosynthesis of amino acids, and metabolic pathways. Within an hour of IFNγ stimulation genes exhibiting increased expression were associated with inflammatory and defense responses, toll-like receptor signaling pathways, cell chemotaxis, MyD88 signaling, Jak-STAT signaling, cell adhesion, FoxO signaling, and raf activation.
Genes exhibiting an increase in expression within two hours of IFNγ stimulation are enriched for biological processes of intracellular protein transport, ER-to-Golgi vesical mediated transport, endosome to lysosomal transport, chromatin remodeling, histone H3 acetylation, regulation of vesicle fusion and protein import into the nucleus. Among the KEGG pathways that exhibit enrichment for these genes are RNA transport, protein export, lysosome, mRNA surveillance pathway, endocytosis and mTOR signaling. Similarly, the enriched reactome pathways mirror these processes and include cytosolic sensors of pathogen-associated DNA, RNA polymerase II initiation and promoter clearance, mTORC1-mediated signaling, MAP2K and MAPK activation, downstream TCR signaling, FCε Receptor 1 mediated MAPK activation, and Clec7A signaling.
Genes exhibiting decreased expression between 2 hours and 4 hours following IFNγ stimulation correspond to reduced expression of cell-cycle pathways and mediators, as well as genes implicated in G1/S transcription, DNA replication, and separation of sister chromatids. Biological processes identified within these genes include mitotic spindle assembly, chromosome segregation, and mitotic spindle checkpoint assembly. Conversely, genes exhibiting increased expression during this same time are enriched for biological processes of inflammatory response, defense response to virus, positive regulation of interleukin 12 production, negative replication of viral genome replication, bacterial defense processes and positive regulation of IL1α secretion. KEGG pathways associated with these genes include cytokine-cytokine receptor interaction and genes implicated in influenza A signaling. Reactome processes identified included stem cell population maintenance and TOR signaling.
Over the remaining time points, from 4 hours to 8 hours, from 8 hours to 16 hours and from 16 hours to 24 hours the B2 cells exhibit a systemic down regulation of the genes that were initially activated during the IFNγ stimulation. Overall, the gene enrichment analysis of the RNA sequence data provides a cellular-level picture of the specific biological processes that occur over time following activation of monocyte-derived macrophages.
Discussion
Previous work in our laboratories investigated the association between chicken haplotype and disease resistance, specifically the enhanced resistance of B2 haplotypes to avian coronavirus IBV [10] and the influence of innate immunity leading to decreased clinical signs of illness. We showed that macrophages play an important role in this enhanced immunity, demonstrating much better activation in response to stimulation [13] . To analyze the gene expression involved in this process leading to increased macrophage nitric oxide release in B2 haplotypes, we stimulated macrophages from B2 and B19 chicks for RNA sequencing. In addition, we had observed different cell morphology when isolated monocytes from B2 and B19 haplotypes were differentiating into macrophages and therefore time points before stimulation, during differentiation of the macrophages, were included in this study.
The rationale for investigating the gene expression differences between the B2 and B19 haplotype birds was to address underlying questions that were raised at the end of our previous studies: 1 The data collection, analysis and interpretation of results described herein provide plausible answers to these questions based on bioinformatics and functional genomics approaches. Although these answers are more realistically new hypotheses for further investigation, they do represent significant advances in the understanding of B2 and B19 monocyte differentiation into macrophages and the resulting divergent patterns of B2 and B19 macrophage activation and function.
Ultimately, the findings and interpretations we report must be functionally and experimentally validated. Even so, the use of computational methods to answer these questions represents a valuable first step in deciphering the cellular phenotypes underlying MHC haplotype variation in macrophage cells.
Our results demonstrate that there are large numbers of genes differentially expressed in the two haplotypes, both during differentiation of peripheral monocytes into mature macrophages, as well as after stimulation of differentiated macrophages with interferon.
The answer to the question of why the IFNγ stimulated B2 haplotype cells produce more nitric oxide than the IFNγ stimulated B19 cells lies in the timing of macrophage differentiation and the phenotypic variation that is set up early prior to IFNγ stimulation, such as divergent expression of genes involved in differentiation and immune competence. At day t-6, after plating of monocytes without interferon stimulation, several genes relating to inflammation, interferon responses and differentiation are upregulated in the B2 haplotype. This is to be expected as adherence of the monocytes is actually an activation signal, but it is notable that this signal is not resulting in the same gene expression pattern in the B19 haplotype. This pattern can be observed for genes such as IL1β, PTSG2, IL6, which are mainly associated with the inflammatory M1 phenotype. On the other hand, Adenosine receptor A2B is also showing increased gene expression at this time in B2 cells, and this receptor plays an important role in differentiation, as well as in the inflammatory response. Expressions of these genes are consequently initially increased at the time of adherence, and then again after stimulation with interferon, in the B2 haplotype. Some, but not all of these genes are expressed after stimulation with interferon in the B19 haplotype, but not to the same extent as the B2 macrophages, which appears to relate to the initial lack of expression at t-6 days, the beginning of differentiation.
Another interesting observation was the differential expression of genes at day t-6 versus day t-3 in the two haplotypes, as a large number of genes is highly expressed in both haplotypes at day t-6, but then is completely shut down in B2 haplotypes while showing delayed expression until day t-3 in the B19 birds. This seems to indicate a lack of appropriate regulation in the B19 birds, consequently leading to less coherent initiation of gene expression when stimulated. Some of the genes showing this pattern are macrophage differentiation associated GATA2 and FADD, as well as macrophage podosome markers VCL and GSN. Taken together, these results appear to suggest that the regulation of B2 differentiation from monocyte to macrophage is very tightly regulated with many genes increasing in expression, quickly followed by shutting down this increased gene expression. In contrast, the regulation of B19 gene expression is not well regulated, appearing to "linger" with either delayed or extended gene expression. Consequently, we observed differences in expression of genes after stimulation with interferon. Specifically, genes that were strongly expressed at day t-6 and not expressed (or only weakly expressed) at day t-3 in the B2 birds, were robustly increased at 2 and 4 hours of stimulation. In contrast, the same genes showed weak and delayed expression in B19 birds after stimulation, emphasizing the importance of the regulation of gene expression during differentiation. This relates very well to the differences we previously reported in morphology of B2 and B19 macrophages during differentiation and after stimulation.
Our results provide insight into the complexity associated with macrophage differentiation, activation and function. Thousands of genes are up-regulated and then down-regulated in a 24-hour period following IFNγ stimulation. The coordinated activity of multiple regulatory and gene expression control mechanisms is required to effectively achieve the dramatic changes in internal cellular programing that occur. Although the B2 and B19 birds' haplotypes differ within the MHC locus, the functional consequences of this genetic difference extend well beyond the genes encoded within the B-locus, including macrophage differentiation, M1 and M2 macrophage markers, lysosomal factors involved in phagocytosis, podosome development, invadosome capabilities, chemotaxis potential and matrix degradation ability. Additionally, during the process of differentiation and activation, thousands of genes associated with basic cellular biology undergo rapid changes in expression in coordination with the expression of factors associated with cell renewal and proliferation such as cell cycle regulators, mitotic spindle components, factors involved in chromatin remodeling, molecules required for chromosome segregation and nuclear division.
Taken together, our data and interpretations provide a framework of possible mechanisms of B2 and B19 macrophage biology in differentiation and activation. As such, our findings offer a number of hypotheses about macrophage cell biology that can be used for subsequent studies aimed at validating our findings. Although we performed RT-PCR on a set of differentially expressed genes between the B2 and B19 macrophages, it is not feasible, or possible, to systematically verify, via RT-PCR, each and every transcript, observed at each time point, in the experiment. Even so, our PCR validation provides independent evidence that the pattern of gene expression we observed in the RNA sequence data, was consistent and reproducible which is also in line with our previous research detailing differences in macrophage activation and function [13] 
Conclusions
We have tried to elucidate possible mechanisms involved in enhanced disease resistance and macrophage functions displayed by B2 haplotype chickens compared to B19. This study highlights the complex gene expression patterns involved in macrophage differentiation and activation.
One of the main conclusions from the large number of differences seen in the gene expression of the two haplotypes is the fact that there are not just a few genes or genetic markers that can be readily identified as being the ultimate cause of enhanced macrophage function in B2 chickens. Rather, it appears that events during differentiation of monocytes into macrophages have a significant impact on the subsequent ability for stimulation of immune genes after IFNγ treatment. The differences in gene expression correlate with the previously observed differences in morphology of the two haplotypes, with B2 macrophages having a more typical macrophage appearance [13] .
Considering the global temporal dysregulation of many genes in B19 haplotypes compared to the more resistant B2 chicks, it seems likely that a variety of genomic regulatory mechanisms (such as transcription factors, miRNAs, snoRNAs, ubiquitin mediated proteasomal degradation, and epigenetic regulation) might play a major role in this process which will be further detailed in a future publication. It will be of great interest to further elucidate these mechanisms and their connection to enhanced immunity. Ultimately, our detailed model of macrophage differentiation, activation and function following IFNγ stimulation provides a high resolution molecular map of cellular biology which can be leveraged by other investigators to further explore the role of these genes in immunology.
Supporting information S1 Table. Significant differences in gene expression with P-Values. Pairwise gene expression differences between samples (B2 and B19 haplotype) and timepoints (-6 days, -3 days, 0 days, 1 hr, 2 hrs, 4 hrs, 8 hrs, 16 hrs, 24 hrs) are provided with p-values in excel format. The analysis described within this manuscript focused on differences between [1] matched time points between B2 and B19 haplotype chickens (such as B2 1 hr versus B19 1 hr) as well as [2] progressive timepoints within the same haplotype group (such as B2 1hr versus B2 2hr and B19 4 hr versus B19 8 hr). Subsequently the data contained in this supplemental file also focuses predominantly on those comparisons. This file contains a total of 163,043 rows including the header line containing field names (geneName-identifier for each gene either as gene symbol or ensemble geneId; locus-chromosome number and the start-end base pair location of the gene; sample1 and sample2-the "paired" samples compared for significant gene expression, note 'AB' corresponds to B2 haplotype and 'EC' corresponds to B19 haplotype; testStatusindication that the analysis method performed by cuffdiff program within the cufflinks package was 'OK'; fpkm1 and fpkm2-the fpkm values for sample 1 and sample 2 respectively; log2fpkm-the log of the ratio of fpkm1 and fpkm2; testStat-the test statistic generated during the statistical analysis; pValue-the p-value corresponding to the difference in expression between sample1 and sample2; qValue-a multiple testing corrected p-value; signif-'yes' indicates that the pairwise difference in expression is in fact statistically significant). (XLSX) S2 Table. Significant gene ontology biological process enrichment analysis results. Enriched gene ontology biological process terms identified within up and down regulated genes within the B2 haplotype chicken samples across progressive time points (-6 days, -3 days, 0 days, 1 hr, 2 hrs, 4 hrs, 8 hrs, 16 hrs, 24 hrs) are provided in excel file format. Since the B2 chickens exhibited the most robust macrophage phenotype these samples were used for the analysis as a means of characterizing the biological processes that were associated with the altered gene expression across the experimental time points. Note 'AB' indicates B2 haplotype. The file contains a total of 362 rows including the header line containing field names (Sample Comparison-indicates the specific pair of time points for which gene expression changes were identified; Gene Set-indicates the specific set of differentially expressed genes, 'Down' or 'Up'; Category-indicates the specific subset of terms that were used for the analysis; Term -provides the gene ontology identifier for the identified gene ontology term/annotation; Description-the specific enriched gene ontology biological process term; Gene Count-the number of genes within the differentially expressed genes that are mapped to the particular enriched gene ontology term; %-the corresponding percent associated with the specific number of genes; P-Value-the p-value associated with the gene ontology term enrichment). (XLSX) S3 Table. Significant KEGG pathway enrichment analysis results. Since the B2 chickens exhibited the most robust macrophage phenotype these samples were used for the analysis as a means of characterizing the KEGG pathways that were associated with the altered gene expression across the experimental time points. Note 'AB' indicates B2 haplotype. The file contains a total of 110 rows including the header line containing field names (Sample Comparison-indicates the specific pair of time points for which gene expression changes were identified; Gene Set-indicates the specific set of differentially expressed genes, 'Down' or 'Up'; Categoryindicates the specific subset of terms that were used for the analysis; Term-provides the KEGG pathway identifier for the identified pathway term/annotation; Description-the specific enriched KEGG pathway term; Gene Count-the number of genes within the differentially expressed genes that are mapped to the particular enriched KEGG pathway term; %-the corresponding percent associated with the specific number of genes; P-Value-the p-value associated with the KEGG pathway term enrichment). (XLSX) S4 Table. Significant reactome pathway enrichment analysis results. Since the B2 chickens exhibited the most robust macrophage phenotype these samples were used for the analysis as a means of characterizing the Reactome pathways that were associated with the altered gene expression across the experimental time points. Note 'AB' indicates B2 haplotype. The file contains a total of 110 rows including the header line containing field names (Sample Comparison -indicates the specific pair of time points for which gene expression changes were identified; Gene Set-indicates the specific set of differentially expressed genes, 'Down' or 'Up'; Category -indicates the specific subset of terms that were used for the analysis; Term-provides the Reactome pathway identifier for the identified pathway term/annotation; Description-the specific enriched Reactome pathway term; Gene Count-the number of genes within the differentially expressed genes that are mapped to the particular enriched Reactome pathway term; %-the corresponding percent associated with the specific number of genes; P-Valuethe p-value associated with the Reactome pathway term enrichment).
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